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Abstract
The halo independent comparison of direct dark matter detection data eliminates the need to make any assumption
on the uncertain local dark matter distribution and is complementary to the usual data comparison which required
assuming a dark halo model for our galaxy. The method, initially proposed for WIMPs with spin-independent contact
interactions, has been generalized to any other interaction and applied to recent data on “Light WIMPs”.
Determining what the dark matter (DM), the most
abundant form of matter in the Universe, consists of is
one of the most fundamental open questions in physics
and cosmology. Weakly interacting massive particles
(WIMPs) are among the most experimentally sought
after candidates. Direct detection experiments attempt
to observed the energy deposited within a detector by
DM particles in the dark halo of our galaxy passing
through it and colliding with nuclei in the detector.
Three direct detection experiments, DAMA/LIBRA [1],
CoGeNT [2] and CDMS-II-Si [3] have at present claims
of having observed potential signals of WIMP DM.
The CRESST-II collaboration, with an upgraded de-
tector does not find any longer an excess in their rate
attributable to a DM signal [4], as they had found in
their previous 2010 results [5]. All other direct detec-
tion searches, LUX, XENON100, XENON10, CDMS-
II-Ge, CDMSlite, SuperCDMS, SIMPLE etc have pro-
duced only upper bounds on the interaction rate and an-
nual modulation amplitude of a potential WIMP signal
(see an updated list of references in Ref. [21]). It is thus
essential to compare these data to decide if the poten-
tial signals are compatible with each other and with the
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upper bounds of direct detection searches with negative
results for any particular DM candidate.
The rate observed in a particular detector due to DM
particles in the dark halo of our galaxy depends on
three main elements: 1) the detector response to poten-
tial WIMP collisions within it, 2) the WIMP-nucleus
cross section and WIMP mass and 3) the local den-
sity ρ and velocity distribution f (~v, t) of WIMPs pass-
ing through the detector. The last element depends on
the halo model adopted, which has considerable uncer-
tainty. The usual Halo-Dependent data comparison
method fixes the three mentioned elements of the rate,
usually assuming the Standard Halo Model (SHM) for
the galactic halo, except for the WIMP mass m and a ref-
erence cross section parameter σref extracted from the
cross section, and data are plotted in the (m, σref) param-
eter space. For the usual spin-independent (SI) interac-
tions the reference cross section parameter is chosen to
be the WIMP-proton cross section σp.
dσT
dER
= σp
µ2T
µ2p
∣∣∣∣∣∣ZT + (AT − ZT ) fnfp
∣∣∣∣∣∣2 F2SI,T (ER) mT2µ2Tv2 . (1)
Here ER is the nuclear recoil energy, ZT , AT and mT
are respectively the atomic number, mass number and
mass of the target nuclide T , FSI,T (ER) is the nuclear
spin-independent form factor, fn and fp are the effective
DM couplings to neutrons and protons, respectively, and
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µT and µp are the WIMP-nucleus and the WIMP-proton
reduced masses.
In the Halo-Independent data comparison method
one fixes the elements 1) and 2) of the rate, again except
for a reference cross section parameter σref extracted
from the cross section, but does not make any assump-
tion about the element 3), circumventing in this manner
the uncertainties in our knowledge of the local charac-
teristics of the dark halo of our galaxy [7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23]. The main
idea of this method is that the interaction rate at one par-
ticular recoil energy ER depends for any experiment on
one and the same function ρη(vmin, t)/m (incorporated
into the definition of η˜(vmin, t) in Eq. (3)) of the mini-
mum speed vmin required for the incoming DM particle
to cause a nuclear recoil with energy ER. The function
η(vmin) depends only on the local characteristics of the
dark halo of our galaxy. Thus, all rate measurements
and bounds can be translated into measurements of and
bounds on the unique function η˜(vmin, t). This method
was initially developed for SI WIMP-nucleus interac-
tion and only in Ref. [15] extended to any other type of
WIMP-nucleus interactions
It is easy to see that when computing the recoil spec-
trum,
dRT
dER
=
ρ
m
CT
mT
∫
v>vmin(ER)
d3v f (~v, t) v
dσT
dER
(ER, ~v), (2)
with the SI cross section in Eq. 1 the whole dependence
on the local WIMP velocity distribution is contained in
the function η˜(vmin, t) (recall σref = σp for SI interac-
tions)
η˜(vmin, t) ≡ ρσrefm η(vmin, t) ≡
ρσref
m
∫
v>vmin
d3v
f (~v, t)
v
. (3)
Due to the revolution of the Earth around the Sun,
the velocity integral η˜(vmin, t) has an annual modulation
generally well approximated by the first terms of a har-
monic series,
η˜(vmin, t) ' η˜0(vmin) + η˜1(vmin) cos[ω(t − t0)] , (4)
where t0 is the time of the maximum of the signal and
ω = 2pi/yr. The time average unmodulated and the
modulated components η˜0 and η˜1 enter respectively in
the definition of the unmodulated and modulated parts
of the rate.
For a particular WIMP candidate η˜(vmin, t) must be
common to all experiments. Measurements and upper
bounds on the time averaged rate and the annual mod-
ulation amplitude of the rate can be mapped onto the
(vmin, η˜) plane. By η˜ we understand either η˜0 or η˜1. To
be compatible all experiments must measure the same
functions η˜0 or η˜1 of vmin.
The difficulty we want to address is how to do the
same, i.e. compare direct detection data in the (vmin, η˜)
plane, when the differential scattering cross section does
not have a simple 1/v2 dependence on the speed v of
the DM particle, but a more general dependence, such
as two terms with different dependence on the speed
v. Consider for example a fermionic WIMP interact-
ing with the nucleus via a magnetic dipole moment λχ,
the so-called “magnetic-dipole dark matter” (MDM),
Lint = (λχ/2) χ¯σµνχFµν which leads to the cross sec-
tion [24],
dσT
dER
= αλ2χ
Z2T mT2µ2T
 1
v2min
− 1
v2
1 − µ2Tm2

× F2SI,T (ER(vmin))
+
λˆ2T
v2
mT
m2p
(
S T + 1
3S T
)
F2M,T (ER(vmin))
 . (5)
Here α = e2/4pi is the electromagnetic fine structure
constant, mp is the proton mass, S T is the spin of the tar-
get nucleus, and λˆT is the magnetic moment of the tar-
get nucleus in units of the nuclear magneton e/(2mp) =
0.16 GeV−1. The definition of the reference cross sec-
tion parameter for this cross section is arbitrary; a pos-
sible choice is σref ≡ αλ2χ (the plots for MDM that fol-
low use this definition). The first term corresponds to
the dipole-nuclear charge coupling, and the correspond-
ing charge form factor coincides with the usual spin-
independent nuclear form factor FSI,T (ER). This is usu-
ally taken to be the Helm form factor [25] normalized to
FSI,T (0) = 1. The second term, corresponds to the cou-
pling of the DM magnetic dipole to the magnetic field
of the nucleus, and the corresponding nuclear form fac-
tor is the nuclear magnetic form factor FM,T (ER). This
magnetic form factor includes the contributions of the
magnetic currents due to the orbital motion of the nu-
cleons and of the intrinsic nucleon magnetic moments
(proportional to the spins).
Notice that the cross section in Eq. 5 contains two
terms with different dependences on the DM particle
speed v. When these terms are integrated over the veloc-
ity distribution to find the interaction rate, instead of a
unique function η˜(vmin), each term has its own function
of vmin multiplied by its own detector dependent coeffi-
cient. It seems thus impossible to translate a rate mea-
surement or bound into only one of the two vmin func-
tions contributing to the rate. In other cases, such as that
of “Resonant DM” [26], the cross section has an energy
dependence with a shape that depends on the target nu-
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Figure 1: Example of response functions R[E′1 ,E′2](vmin) for Si inter-
actions (gray-dashed line) and for MDM with arbitrary normalization,
for the 2.0 to 2.5 keVee detected energy interval of DAMA /LIBRA,
assuming interaction with Na. For MDM the function is regularized
by multiplying it by v−rmin, with r a positive integer. The best choice is
r = 10 (red continuous line). See Ref. [15] for details.
cleus. Thus each target has its own function of vmin,
and again it seems impossible to find one and the same
common function analogous to η˜(vmin) so that all rate
measurements and bounds can be mapped onto it. Fol-
lowing Ref. [15], we show here how this difficulty can
be circumvented and encode for general interactions all
the halo dependences of the observable rate again in the
sole function η˜(vmin).
The differential recoil rate is not directly experimen-
tally accessible because of energy dependent efficien-
cies and energy resolutions functions and because what
is often measured is a part E′ of the recoil energy ER.
The observable differential rate is
dR
dE′
= (E′)
∫ ∞
0
dER
∑
T
CT GT (ER, E′)
dRT
dER
, (6)
where E′ is the detected energy, often quoted in keVee
(keV electron-equivalent) or in photoelectrons and (E′)
is a counting efficiency or cut acceptance. GT (ER, E′) in
a (target nuclide and detector dependent) effective en-
ergy resolution function that gives the probability that
a recoil energy ER is measured as E′ and incorporates
the mean value 〈E′〉 = QTER, which depends on the
energy dependent quenching factor QT (ER), and the en-
ergy resolution σER (E
′). These functions must be mea-
sured (although sometimes the energy resolution is just
computed).
Statistical analyses usually use rates integrated over
energy intervals, e.g. when computing maximum gap
limits,
R[E′1,E′2](t) =
∫ E′2
E′1
dE′
dR
dE′
=
ρ
m
∑
T
CT
mT
∫ ∞
0
dER
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Figure 2: 90% CL bounds and 68% and 90% CL allowed re-
gions in the (m, σref ) parameter space for MDM, assuming the SHM,
with σref ≡ αλ2χ. The three DAMA regions for QNa = 0.45 (left),
QNa = 0.30 (middle), and the energy dependent QNa,Collar(ER) from.
For XENON10 (orange bounds), the solid line is produced by conser-
vatively setting the electron yield Qy to zero below 1.4 keVnr while
the dashed line ignores the Qy cut. For LUX (magenta bounds), the
limits correspond to (from bottom to top) 0, 1, 3, 5, and 24 observed
events (see Ref. [16] for details), however in the range of masses
and cross sections depicted here they all overlap apart from the 0
observed event bound. For XENON100 we also show the 68% and
90% CL limits (dashed and dotted line, respectively). Fig. taken from
Ref. [17].
×
∫
v>vmin(ER)
d3v f (~v, t) v
dσT
dER
(ER, ~v)
×
∫ E′2
E′1
dE′ (E′)GT (ER, E′). (7)
Changing the order of the ~v and ER integrations in Eq. 7
we get
R[E′1,E′2](t) =
ρσref
m
∫ ∞
0
d3v
f (~v, t)
v
H[E′1,E′2](~v). (8)
This relation defines what we call “integrated response
function”H[E′1,E′2]. For simplicity, we only consider dif-
ferential cross sections, and thusH[E′1,E′2] functions, that
depend only on the speed v = |~v|, and not on the whole
velocity vector. This is true if the DM flux and the tar-
get nuclei are unpolarized and the detection efficiency
is isotropic throughout the detector, which is the most
common case. With this approximation the detectable
integrated rate becomes,
R[E′1,E′2](t) = −
∫ ∞
0
dv
∂η˜(v, t)
∂v
H[E′1,E′2](v)
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Figure 3: Measurements of and upper bounds on η˜0(vmin)c2 and
η˜1(vmin)c2 for MDM with m = 9 GeV/c2. The sodium quenching
factor in DAMA is assumed to be QNa = 0.30. For the first and
fourth CoGeNT 2014 modulation data points we show the modulus
of the negative part of the cross with a thin blue line. The dashed
gray lines show the SHM η˜0c2 (upper line) and η˜1c2 (lower line) for
σref = 3 × 10−34 cm2. Fig. taken from Ref. [17].
=
∫ ∞
0
dv η˜(v, t)R[E′1,E′2](v), (9)
where we have integrated by parts to obtain the second
line (the boundary term is zero because the definition
of H[E′1,E′2](v) imposes that this function is zero at v =
0) and we have defined a detector and WIMP-nucleus
interaction dependent “response function” as
R[E′1,E′2](vmin) ≡
∂H[E′1,E′2](v)
∂v
∣∣∣∣∣∣
v=vmin
=
∑
T
4CTµ2T
m2T
v3minσref dσTdER (ER(vmin), vmin)
×
∫ E′2
E′1
dE′ (E′)GT (ER(vmin), E′)
+
∫ vmin
0
wdw
d
dvmin
v2min
σref
dσT
dER
(ER(w), vmin)

×
∫ E′2
E′1
dE′ (E′)GT (ER(w), E′)
 . (10)
For each detected energy interval and particular target
nuclide the function R[E′1,E′2](v) is only nonzero in a cer-
tain vmin range, as shown in Fig. . Depending on the par-
ticular cross section assumed sometimes the response
function needs to be regularized to have this property
(see Refs. [15] and [17] for a detailed explanation of
the regularization procedure).
In Ref. [9] the expression in the last line of Eq. (9)
had been derived for SI interactions only, as a general-
ization of the original formalism [7]. The aim of this
generalization was to allow the use of efficiencies, en-
ergy resolution functions and form factors with arbitrary
energy dependence. Fox, Liu, and Weiner [7] intro-
duced the halo-independent method for differential rates
and integrated rates, but when integrating the differen-
tial rates over energy bins, took efficiencies and form
factors constant over the bin.
Using the 2nd. line in Eq. 9 we can map into the
(vmin, η˜0(vmin)) parameter space and the (vmin, η˜1(vmin))
parameter space respectively the measurements and
limits on average integrated rates R0[E′1,E′2] and annual
modulation amplitudes R1[E′1,E′2] of the rates over a de-
tected energy interval [E′1, E
′
2] by different experiments,
R[E′1,E′2](t) = R
0
[E′1,E
′
2]
+ R1[E′1,E′2] cos[ω(t − t0)] , (11)
where t0 is the time of the maximum of the signal and
ω = 2pi/yr. We proceed in the following manner.
For experiments with putative DM signals Rˆ i in the
detected energy [E′1, E
′
2] we plot weighted averages of
the η˜i functions with weight R[E′1,E′2](v),
η˜ i[E′1,E
′
2]
≡
Rˆ i[E′1,E′2]∫
dvmin R[E′1,E′2](vmin)
, (12)
with i = 0, 1 for the unmodulated and modulated
component, respectively. The interval [vmin,1, vmin,2] in
which R[E′1,E′2](vmin) is sufficiently different from zero
determines the width of the “cross” in the (vmin, η˜) plane
corresponding to the [E′1, E
′
2] bin. The vertical bar of the
“cross,” shows the 1-σ error in the rate translated into η˜.
To determine the upper bounds on the unmodulated
part of η˜ set by experimental upper limit Rlim[E′1,E′2] on the
unmodulated rate in an interval [E′1, E
′
2] (usually at the
90% confidence level) we follow Refs. [7] and [8]: since
η˜0 is a non-increasing function of vmin, the smallest pos-
sible η˜0(vmin) function passing by a fixed point (v0, η˜0)
in the (vmin, η˜) plane, is the downward step-function
η˜0 θ(v0−vmin). Thus, assuming the downward step form
for η˜0(vmin) we define an upper limit at each particular
v0 value of vmin
η˜lim(v0) =
Rlim[E′1,E′2]∫ v0
0 dvmin R[E′1,E′2](vmin)
. (13)
In Refs. [15] and [17] this formalism was applied to
MDM, whose differential cross section we presented
/ Nuclear Physics B Proceedings Supplement 00 (2019) 1–7 5
SuperCDMS
CoGeNT 20141
DAMA
CDMS mod. limit
SIMPLE
CDMSlite
CDMS-II-Si
CDMS-II-Ge
XENON10
XENON100
LUX
Magnetic dipole DM H m=9GeVc2 L
200 400 600 800 1000
10-25
10-24
10-23
10-22
10-21
vmin @kmsD
Η
@da
ys
-
1 D
Figure 4: Same as in Fig. 3 but for η˜1(vmin).
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Figure 5: Same as in Fig. 3 but for both η˜0(vmin) and η˜1(vmin).
above in Eq. 5. Fig. 2 presents the Halo-Dependent
comparison of the data, assuming the SHM with pa-
rameters given in Ref. [17]. Figs. 3, 4 and 5 present
the Halo-Independent data comparison for m = 9 GeV
for the unmodulated part η˜0, the modulated part η˜1, and
both parts respectively of the function η˜(vmin), showing
all the crosses representing putative measurements and
the most relevant 90%CL upper bounds.
In the SHM analysis of the allowed regions and
bounds in the (m, σref) parameter space (see Fig. 2),
CDMSlite, SuperCDMS and LUX set very stringent
bounds, and together exclude the allowed regions of
three experiments with a positive signal (DAMA, Co-
GeNT 2011-2012 modulation signal and 2014 unmod-
ulated rate, and CDMS-II-Si) for MDM [17]. Al-
though in the SHM analysis the DM-signal region is
severely constrained by the CDMSlite limit, in the Halo-
Independent analysis (presented in Figs. 3 to 5) this
limit is much above the DM-signal region [15, 17]. The
difference stems from the steepness of the SHM pre-
diction for η˜0 as a function of vmin, which implies that
with this halo model η˜0 is constrained at low vmin by the
CDMSlite and other limits.
In the Halo-Independent analysis (see Figs. 3 to 5),
although the LUX bound is more constraining than the
XENON100 limit, both cover the same range in vmin
space and are limited to vmin & 450 km/s for a WIMP
mass of 9 GeV/c2. This is due to the conservative sup-
pression of the response function below 3.0 keVnr as-
sumed in this analysis for both LUX and XENON100
(see Ref. [16] for details). Thus the LUX bound and
the previous XENON100 bound exclude mostly the
same data for MDM. In other words, almost all the
DAMA, CoGeNT (both the 2011-2012 and 2014 data
sets), and CDMS-II-Si energy bins that are not ex-
cluded by XENON100 are not excluded by LUX ei-
ther. At lower vmin values the most stringent bound
in this Halo-Independent analysis is the new Super-
CDMS limit, which entirely rejects the three CDMS-II-
Si crosses. Only the lowest DAMA and CoGeNT mod-
ulation data points are not rejected by it. The situation
is of strong tension between the positive and negative
direct DM searches results for MDM.
Even without considering the upper limits, in the
Halo-Independent analysis of MDM there are problems
in the DM signal regions by themselves: as shown in
Fig. 5, where the data on η˜0 and η˜1 are overlapped,
the crosses representing the unmodulated rate measure-
ments of CDMS-II-Si are either overlapped or below
the crosses indicating the modulation amplitude data as
measured by CoGeNT (2011-2012 as well as 2014 data
sets) and DAMA, which cannot be since the condition
η˜1(vmin) < η˜0(vmin) must be satisfied (except possibly
at very high vmin, near the speed cutoff). This indi-
cates strong tension between the CDMS-II-Si data on
one side, and DAMA and CoGeNT modulation data on
the other (these two seem largely compatible).
Ref. [15] has also indicated the way in which the
generalized Halo-Independent method presented here
should be modified to be able to deal with inelastically
scattering DM. In fact, WIMPs may collide inelastically
with the target nucleus [27], in which case the initial
DM particle scatters to a different state with mass m′ =
m + δ. This is an interesting possibility which may al-
low some of the DM hints in direct searches to be com-
patible with all upper bounds. DM interacting inelasti-
cally via a magnetic dipole moment interaction [28, 29]
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Figure 6: 90% CL bounds and 68% and 90% CL allowed regions
in the WIMP-proton cross section σp vs WIMP mass plane, assum-
ing the SHM, for spin-independent isospin-violating interactions with
fn/ fp = −0.8 (“Ge-phobic”), for inelastic exothermic scattering with
δ = −200 keV/c2. See Ref. [19] for details.
with δ > 0, called Magnetic Inelastic DM, MiDM, may
still allow the DAMA/LIBRA region assumed to be due
to DM interactions to be compatible with all negative
bounds [30]. The mass difference δ can also be nega-
tive, so the inelastic interaction is exothermic [31]. It
has been recently pointed out that inelastic exothermic
DM with Ge-phobic isospin violating interactions could
instead make the CDMS-Si region, assumed to be due
to DM interactions, compatible with all direct searches
with negative results, including the SuperCDMS and
LUX limits. Both a Halo-Dependent and a Halo In-
dependent data comparison of direct DM searches for
this candidate have been presented in Ref. [19]. Figs. 6
and 7 present a Halo-Dependent comparison, assuming
the SHM, and a Halo Independent comparison, respec-
tively, for Ge-phobic inelastic exothermic DM taken
from Ref. [19] (see this reference for details).
Inelastic DM requires a modification of some of the
equations presented above, in particular the definitions
of H[E′1,E′2]. In inelastic scattering, the minimum veloc-
ity the DM must have to impart a nuclear recoil energy
ER depends on the mass splitting δ,
vmin =
1√
2mTER
∣∣∣∣∣mTERµT + δ
∣∣∣∣∣ , (14)
where δ can be either positive (endothermic scatter-
ing [27]) or negative (exothermic scattering [31]) (δ = 0
for elastic scattering). Inverting this equation implies
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Figure 7: Measurements of and upper bounds on η˜0c2 (for CDMS-
II-Si and CoGeNT) and η˜1c2 (for DAMA) for inelastic exothermic
scattering with δ = −200 keV/c2 for a WIMP with mass m = 1.3
GeV/c2 and spin-independent isospin-violating coupling with fn/ fp =
−0.8. The dashed gray lines show the SHM η˜0c2 (upper line) and η˜1c2
(lower line) for σp = 1 × 10−41 cm2 which in Fig. 6 is within the
CDMS-II-Si region allowed by all upper bounds. See Ref. [19] for
details.
the existence of both a maximum and a minimum recoil
energy for a fixed DM velocity v: E−R(v) < ER < E
+
R(v),
with
E±R(v) =
µ2Tv
2
2mT
1 ±
√
1 − 2δ
µTv2

2
. (15)
Following the same procedure described above we ob-
tain [15] a compact form for the integrated response
function,
H[E′1,E′2](~v) ≡
∑
T
CT
mT
∫ E+R (v)
E−R (v)
dER
v2
σref
dσT
dER
(ER, ~v)
×
∫ E′2
E′1
dE′ (E′)GT (ER, E′). (16)
The integration limit in the definition of the energy in-
tegrated observable rate is not different. Eq. 8 becomes
R[E′1,E′2](t) =
ρσref
m
∫
v>vˆδ
d3v
f (~v, t)
v
H[E′1,E′2](~v), (17)
where vˆδ is the minimum value vmin can take, vˆδ =√
2δ/µT for δ > 0 and vˆδ = 0 for δ 6 0 The response
function R[E′1,E′2] can then be calculated by taking the
partial derivative of the integrated response function, as
indicated in the first line of Eq. 10.
As a final comment, let us remark that the way
of comparing direct detection data presented here is
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not necessarily an inherent part to the halo indepen-
dent method but only due to the choice of finding av-
erages over measured energy bins to translate puta-
tive measurements of a DM signal. This may not be
the best manner of comparing the direct detection data
in (vmin, η˜(vmin)) space and more work is necessary to
make progress in this respect.
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